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Because glycosylation-dependent melanization inhibition 
induced in cultured B-16 melanoma cells by glucosamine is 
reversible, producing synchronized initiation of melanogen-
esis after its removal, we have analyzed the possible dynamics 
of initial melanogenesis through their interruption by gluta-
thione. The addition of glutathione at 0.2% concentration to 
the theophylline-stimulated recovery process completely in-
terrupts the initiation of melanization for at least 72 h. At the 
electron microscopic level, theophylline-treated cells have 
many vacuolar melanosomes with distinct pigmentation 
which contain some vesicles (64% of total premelanosomes) 
or amorphous, filamentous, or granular materials within the 
interior which are suggestive of pheomelanotic melano-
somes. The addition of glutathione induces a complete ab-
sence of melanization in the premelanosomes, within which 
a filamentous interior with periodicity is generally re-formed 
with almost complete disappearance of internal vesicles, pro-
viding dramatic changes to the size and shape characteristic 
of eumelanotic melanosome. Electron microscopic dopa re-
A wide range of compounds has been reported as depig-menting agents when applied to isolated tyrosinases, cultured pigment cells, and mammalian cutaneous pigment. However, little is known about the precise cellular mechanisms underlying their depigmenting 
actions even for tyrosinase inhibitors such as azelaic acid, because 
melanogenesis in pigment cells includes various maturation steps 
and the translocation of tyrosinases as well as the differentiation and 
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GERL: Golgi-associated endoplasmic reticulum of lysosome 
GLc: Glucosamine hydrochloride 
GT A: glutaraldehyde 
LGF: large granule fraction 
PAGE: polyacrylamide gel electrophoresis 
PB: phosphate buffer 
PMSF: phenylmethyl sulfonyl fluoride 
PTCA: pyrrole-2,3,5-tricarboxylic acid 
SDS: sodium dodecyl sulfate 
TCA: trichloro acetic acid 
Tp: theophylline 
action of glutathione-treated cells shows a predominant lo-
cal ization of tyrosinase activity in the Golgi-associated endo-
plasmic reticulum-lysosome and coated vesicles, but not in 
premelanosomes, in contrast to their dispersed distribution in 
all melanogenic organelles in the theophylline-treated con-
trol, suggesting a lack of tyrosinase translocation. Sodium 
dodecyl sulfate polyacrylamide gel electrophoresis of tyros-
inase in the large granule fraction shows that in analogy with 
electron microscopic observations, glutathione blocks the re-
appearance of membrane-bound T 3 tyrosinase which occurs 
in the theophylline-treated control during the recovery pro-
cess, whereas the dynamics ofT t tyrosinase is almost the same 
as that of the control. These findings suggest that glutathione 
provides a new situation of interrupted melanogenesis in 
which melanization cannot proceed despite complete forma-
tion of melanosome matrix structure and a lack of inhibition 
of cellular metabolisms including protein glycosylation. ] 
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melanization of premelanosomes before coml.'letion of in vivo mel-
anization. Hydroquinone [1] and azelaic acid [2] have been reported 
to exert a depigmenting effect, not by their tyrosinase inhibition, 
but by their anti-metabolic properties to the pigment cells. 
Although much knowledge has been accumulated on the last step 
in melanogenesis, which substantially takes place within melano-
somes [3,4], the initial stage of melanogenesis is still of great interest 
because little is known about the factors contributing to melano-
some morphogenesis, the role of the internal vesicle often appearing 
within the melanosome interior, or the function of tyrosinase iso-
zymes. One difficulty in evaluating the initial process was the need 
for biologic discrimination of melanosome maturation from the 
contribution of tyrosinases transferred into melanosomes during 
their morphogenesis; another was the lack of an adequate inhibitor 
which can inhibit melanization without affecting other cellular 
metabolic processes. 
We have previously found that the recovery of interrupted mel-
anization, which occurs after exposure of cultured B-16 melanoma 
cells to the inhibitor for carbohydrate synthesis, could express a 
synchronized initial melanogenesis including the concentration and 
activation of tyrosinases within the GERL-coated vesicle system, its 
transfer to premelanosomes, and the initiation of melanization 
which can be controlled and analyzed hourly from time zero of 
inhibition removal [5,7]. With this system, we found glutathione to 
be a useful probe, making it possible to clarify biologically and 
sequentially the initial melanogenesis. 
In pigment cells, glutathione is an intriguing compound that has 
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been shown to inhibit pigmentation [8J, is presumed to be involved 
in hyperpigmentation after exposure to ultraviolet light through a 
drop in its levels and glutathione reductase [9), and plays an impor-
tant role in regulating a type of melanization through the action of 
y-glutamyl transpeptidase [10-12]. In this report, we have evalu-
ated the effect of glutathione on the synchronized process of initial 
melanogenesis before melanosomal melanization. Our present re-
covery experiments are also directed toward analyzing biochemi-
cally and electron microscopically the initial evolution of tyrosinase 
isozymes through determination of their varying melanogenic 
functions using anti-melanogenic agents or a stimulator such as 
theophylline. 
MATERIALS AND METHODS 
Materials 3H-mannose(D-(2-3H(N)-mannose, 10-20 Ci/ 
mmol), 3H-dThd(methyPH)dThd, 2 Ci/mmol), 3H-Ieucine(L-
(4,5,M-3H)leucine, 5 Ci/mmol) were purchased from New Eng-
land Nuclear (Boston, MA) Glucosamine hydrochloride (Glc) , 
dehydroxyphenylalanine (dopa), theophylline (Tp), phenyl methyl 
sulfonyl fluoride (PMSF) , sodium deoxycholate (DOC), sodium 
dodecyl sulfate (SDS), reduced glutathione, and all other materials 
were obtained from Sigma Chemical Co. (St. Louis, MO). 
Cells B-16 mouse melanotic melanoma cells were cultured in 
Eagle's minimal essential medium (Gibco) supplemented with 10% 
fetal calf serum (Gibco), 4 mM glutamine, 100 unit/ml penicillin, 
and 100 j.Lg/ml streptomycin, at 37"C with 5% CO2 /95% air at-
mosphere. GIc was added immediately after cell seeding at the con-
centration of 1 mg/ml (86.5% inhibition oPH-mannose incorpo-
ration [13]) into culture medium for 5 - 7 d, inducing complete loss 
of pigmentation. All medium was replaced with the Glc containing 
fresh medium twice a week during the cell growth for the present 
experiments. For recovery from glycosylation inhibition, induced 
unmelanized melanoma cells were washed three times with Hank's 
buffer and recultured with fresh medium without Glc for an addi-
tional 2-3 d in the presence of reduced glutathione at the concen-
tration of 0.05 -0.2%. In the present experimental procedures, 
2 mM Tp was added at the beginning of the recovery to the medium 
in order to facilitate the recovery of melanization. The preventive 
effect on the recovery process from interrupted melanogenesis 
could be clearly visualized after the cells were pelleted on day 3 of 
the recovery [6]. The pelleted cells were used for subsequent bio-
logic experiments. 
Quantitative Analysis of Melanin Melanin amounts were ana-
lyzed by Ito's method [14] for both eumelanin (PTCA) and pheo-
melanin (AHP) on day 3 of recovery and expressed as ng/mg wet 
tissue. 
Incorporation Experiment For the examination of the effect of 
reduced glutathione on the synthesis of carbohydrates, protein, and 
DNA, normal B-16 cells were cultured in Falcon plastic culture 
dishes (35 mm diameter) containing three 15-mm diameter glass 
covers lips per dish, and then 1 j.LCi/ml of 3H-mannose, 3H-thymi-
dine, and 3H-Ieucine was added to the culture for the final 1 h of a 
2-h incubation of 5 h of a 6-h incubation with glutathione. Further, 
in order to examine whether there was an inhibitory effect of gluta-
thione on the recovery of carbohydrate synthesis as well as on syn-
thesis of protein and DNA through the Tp-stimulated repigment-
ing process after removal of Glc, unpigmented cells after treatment 
with Glc were cultured in Falcon plastic dishes. 3H-man-
nose(2 j.LCi/rnl) was added to the cultures for the finalS h of a 14-
and 36-h incubation with glutathione which started immediately 
after removal of Gic. Similar incorporation assay of 3H-mannose, 
3H-thymidine, and 3H-leucine was done with cells recovering from 
the effect of glucosamine after 3 d in the presence of theophylline 
and glutathione. After incubation, the cells were washed 3 times 
with cold Hank's balance solution, and 5% cold trichloro acetic acid 
(TCA) was added twice every 10 min, followed by successive treat-
ments with 70%, 90%, and 100% EtOH to dry the cells. The TCA 
insoluble fraction was dissolved in 0.5 ml of Soluene and mixed 
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with 10 ml of toluene based scintillation fluid. The radioactivity 
was counted in a liquid scintillation spectrometer. A cell count was 
done using a hemocytometer after trypsinization. 
Fractionation Subcellular fractionation was performed by the 
method of Seiji [15] using the celJ homogenate from about 20 Fal-
con culture dishes (75 cm2). Thus, the cells collected after trypsini-
zation were homogenized in ice-cold 0.25 M sucrose solution con-
taining 1 mM PMSF using a Teflon homogenizer chilled with ice. 
The suspension obtained was first centrifuged at 700 g for 10 min 
to remove unruptured cells and nuclear debris. The residue was 
discarded . The supernatant was further centrifuged at 12,000 g for 
10 min to obtain a soluble fraction and the large granule fraction 
(LGF) as a sediment. 
SDS Polyacrylamide Gel Electrophoresis The LGF from the 
cell homogenate were suspended in 0.5% DOC aqueous solution 
containing 1 mM PMSF for 20 min at 4·C and were centrifuged at 
105,000 g for 60 min. The DOC solubilized large granule fraction 
was mixed with an equal volume ofbuffer A (0.125 M eris-Hel, pH 
6.8,200/0 glycerol, 4% SDS, 0.0040/0 of bromphenol blue). The SDS 
gel electrophoresis was carried out at pH 8.7 in Tris-glycine buffer 
containing 1 % SDS at 1 rnA per gel according to the method of 
Davis [16). After electrophoresis, the gel was washed with 0.3 M 
phosphate buffer (PB) and then incubated in 0.1 % dopa in 0.1 M PB 
(pH 6.8) at 37 "C for 5 h. 
Electron Microscopy Cultured cells were washed twice with 
Hank's balanced solution and fixed in situ with 2.5% glutaralde-
hyde (GTA) in Hanks' buffer for 60 min at 4·C. After being 
washed twice with the buffer for 10 min, the cells were postfixed 
with 1 % uranyl acetate for 60 min and then 1% osmium tetroxide 
for 30 min. The cells were dehydrated with graded ethanol and 
embedded in Epon 812. For the electron microscopic dopa reaction, 
cultured cells were fixed with 2.5% glutaraldehyde in Hanks' buffer 
for 30 min, washed twice with the same buffer for 10 min, incu-
bated in 0.1 % dopa solution in 0.1 M phosphate buffer (PH 6.8) for 
5 hat 37"C, and postfixed in the same manner as described above. 
Thin sections were cut with a Porter-Blum MT-l ultratome, 
stained with lead citrate, and examined under a JOEL 100 CX 
microscope. 
Quantitative Analysis ofPremelanosomes with Internal Ves-
icles To evaluate the numerical difference of premelanosomes 
with internal microvesicles during the recovery from glycosylation 
inhibition, the number of stage I and II melanosomes was calcu-
lated, as previously described [5], by dividing them into premelano-
somes containing zero to one internal vesicles and those containing 
more than one. For the calculation, a total of 1,000 premelanosomes 
was classified and counted in 64 J1.m2 cytoplasmic fields of randomly 
selected melanoma cells. The number of premelanosomes with two 
or more micro vesicles within 1,000 premelanosomes counted here 
was determined on each recovery day from 0 to 2 or 3 d and ex-
pressed as a percentage of total premelanosomes. On day 3 of recov-
ery, when the stage of melanosomes proceeded to a more advanced 
stage, it became difficult to distinguish the premelanosomes with 
internal vesicles due to melanin deposition in Tp or non-treated 
control cells. 
Quantitative Analysis ofMelanosome Morphology For mor-
phologic evaluation of melanosomes, a total of 1,000 stage III or IV 
melanosomes were counted in 64 J1.m2 cytoplasmic fields of ran-
domly selected melanoma cells and classified as spheroidal (ph eo-
melanotic) or elipsoidal (eumelanotic) melanosomes, the ratio of 
which was expressed as a percentage of total stage III or IV melano-
somes, according to the following criteria. In pheomelanotic mel-
anosomes, melanization within premelanosomes starts after the 
concentration of a fine thread-like interior becomes less distinct, 
followed by the appearance of multivesicular body-like structure 
within the interior. This structure proceeds finally to produce 
mainly spheroidal organelles, limited by a unit membrane and hav-
ing an evenly dispersed component of smal l granular structures, 
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within which melanization occurs. In eumelanotic melanosomes, 
melanization starts within elipsoidal premelanosomes after organi-
zation of an internal melanosomal matrix by forming individual 
filaments showing cross striation with distinct periodicity, along 
which melanin deposition occurs. 
RESULTS 
Gross and Light Microscopic Observation We have studied 
the inhibitory effect of reduced glutathione on the synchronized 
recovery ofTp-stimulated melanization after removal of glycosyla-
tion inhibition. The addition of reduced glutathione for 3 culture 
days in the range of 0.05-0.2% does not inhibit cell growth, yet is 
able to interrupt the initiation of melanization which occurs within 
3 d in the Tp-treated control (Fig 1). Quantitative analysis of mela-
nin content during the recovery inhibition with glutathione shows 
that in Tp treatment, there is a marked increase in eumelanin 
(PTCA) as well as pheomelanin (AHP) contents within 3 d recov-
ery, whereas glutathione addition strongly interrupts Tp-induced 
overproduction of both types of melanin (Table I). 
Incorporation In order to test whether the recovery of protein 
glycosylation normally proceeds even in the presence of glutathi-
one, we have examined the incorporation of 3H-mannose by cells 
after the addition of glutathione during the recovery process (Fig 2). 
It can be seen that there is no substantial effect of reduced glutathi-
one on the recovery of protein glycosylation in comparison with the 
Tp-treated contro!' For other cellular metabolisms such as the syn-
thesis of protein, DNA, and carbohydrate, incorporation assay was 
done with normal B-16 cells (Fig 3) and cells recovering from the 
effect of glucosamine after 3 d in the presence ofTp and glutathione 
(Table II) . The addition of glutathione is found to have no substan-
tial effect on the incorporation oPH-leucine, thymidine, and man-
nose, respectively, at the present concentrations as compared to 
non-treated control. 
Figure 1. Inhibitory effect of reduced glutathione on the Tp-stimulated 
recovery from interrupted melanization induced by glucosamine. Cells were 
pelleted at day 3 of recovery. 
Table I. Tissue Content of PTCA (eumelanin) and AHP 
(pheomelanin) After Chemical Degradation 
Tissue 
B-16 melanoma control 
Glucosamine {day O} 
Tp (2mM) (day 3) 
Tp + GT6 (0.05%) (day 3) 
Tp + GT (0.1 %) {day 3} 
Tp + GT (0.2%) (day 3) 
PTCA AHP 




















• All standa.rd deviations were at the level of less than 0.1 ng/mg wet tissue. 
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Figure 2. The effect of reduced glutathione on recovery of 3H-mannose 
incorporation by B-16 cells after removal of glucosamine. Induced-unpig-
mented cells after treatment with Gic were cultured in Falcon plastic dishes 
and 3H-mannose(2 jlCi/m1) was added to the cultures for the final 5 h of a 
14- and 36-h incubation with glutathione, which started immediately after 
removal of Gic. TP: theophylline; GT: reduced glutathione. Bar represents 
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Figure 3. The effect of reduced glutathione on the synthesis of protein, 
DNA, and carbohydrate in normally cultured B-16 cells as demonstrated by 
incorporation into TCA insoluble materials of lH-leucine and lH-thymi-
dine for the final 1 h of a 2-h incubation, and 3H-mannose for the finalS h of 
a 6-h incubation. Bar represents standard deviation from three separate ex-
periments. 
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Table II. Effect of Reduced Glutathione on Synthesis of 
Carbohydrate. Protein. and DNA During Recovery Process of 
Pigmentation Seen After Removal of Glucosamine 
'H- 'H-Leucine 
Mannose' (dpm/10s cell) 'H-dThd 
Theophylline (2mM) 5391 ± 499 78468 ± 10334 11762 ± 470· 
Theophylline 
(2mM) + reduced 
glutathione 
0.1% 6608 ± 699 75485 ± 20981 10041 ± 791 
(-22.5%) (4.0%) (15.6%)' 
0.2% 6160 ± 599 75452 ± 8599 14231 ± 663 
(-14.3%) (4.8%) (-21.0%) 
• Incubation hour with each radioactive precusor was 5 h for mannose and 1 h for the 
others. Assay was done with cells recovering from the effect of glucosamine after 3 d in 
the presence of theophylline and reduced glutathione. 
• Mean ± SE from six experiments. 
, Percent inhibition. 
Electrophoresis In SDS acrylamide gel electrophoresis of DOC-
solubilized large granule fraction from these treated cells. control 
cells recover T) tyrosinase by day 3 of recovery together with the 
disappearance of newly formed T\' and T\" tyrosinase. But gluta-
thione-treated cells fail to elicite the recovery of T) tyrosinase 
despite the disappearance of newly formed T\' and T\" tyrosinase 
(Fig 4). 
In the dynamics of these multiple forms of tyrosinases during the 
interrupted recovery of melanization by the addition of glutathione. 
T) tyrosinase in Tp-treated control of the recovery re-appears al-
most parallel to the recovery of visible melanization. while T\ 
tyrosinase remains constant or slightly stimulated and newly in-
duced T \' and T \" tyrosinases disappear concomitantly with refor-
mation ofT) tyrosinase. On the other hand. in the case of glutathi-
10 13 13 13 13 
GJ' TP TP 
+ 
GT 
Figure 4. The effect of reduced glutathione on recovery ofT, tyrosinase 
and disappearance ofT\' and Tt"tyrosinase after release from glycosylation 
inhibition as shown by SDS polyacrylamide gel electrophoresis of deoxy-
cholate-solubilized LGF. TP: theophylljne(2 mM): GT: reduced glutathi-
one(0.2%). Ro: day 0 of recovery; R J : day 3 of recovery. 
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one-treated cells. T) tyrosinase fails to re-appear in accordance with 
the lack of recovery of visible melanization. while the electropho-
retic behavior ofT\ and newly induced T\' and T\" tyrosinases is 
almost the same as that of the controls. 
Electron Microscopy In electron micrography glucosarnine-in-
duced unpigmented cells exhibit a complete absence of melaniza-
tion in the premelanosomes in which a filamentous interior with 
periodicity is generally lost [5] . Tp-treated cells on day 2 of the 
recovery process have melanosomes with a moderate number of 
internal vesicles where melanization occurs in some melanosomes. 
On day 3 of recovery. there are many vacuolar and spherical mel a-
nosomes with distinct pigmentation (Fig 5). These melanosomes. 
which underwent dramatic changes in size and shape. contain some 
vesicles or amorphous. filamentous. or granular materials. exhibit-
ing size and shape suggestive of pheomelanosomes. With glutathi-
one-treated cells in the presence of theophylline on day 2 of recov-
ery. there are very few melanosomes with internal vesicles. and a 
slight re-formation of the filamentous interior is observed in many 
premelanosomes. On day 3. a complete absence of melanization in 
the premelanosome is observed (Fig 6.) A filamentous interior with 
periodicity is generally re-formed in many of the elipsoidal premel-
anosomes. in accordance with normal recovery of protein glycosy-
lation demonstrable by )H-mannose incorporation. even in the 
presence of glutathione (Table II). In comparison to melanosome 
morphology. the glutathione-treated cells at the concentration of 
0.05% (Fig 7). at which glutathione cannot completely inhibit re-
covery of melanization to allow for the quantitation of melanization 
pattern. provide a considerable difference in melanosome morphol-
ogy from that of theophylline-treated cells. There is a moderate 
number of elipsoidal melanosomes in various stages of melaniza-
tion. simultaneously exhibiting re-formation of internal membrane 
structures with distinct periodicity along which deposition of ap-
parent melanin particles is observed. 
Figure 8 shows dopa-cytochemistry of Tp-treated cells on day 2 
of the recovery. The figure shows that. corresponding to the forma-
tion of strong pigmentation. both melanosomes and Golgi-asso-
Figure 5. Cells on day 3 ofTp-stimulated melanogenic recovery. concajn-
ing a large number of spherical melanosomes(m) at various stages of melaru-
zation. Many multi vesicular structures are seen within the premclanosome 
interior(arrow) . (GTA-OsO •• Bar: 0.5 ,urn) . 
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Figure 6. Glutathione(0.20/0)-treated B-16 cells in the presence of Tp on 
day 3 of recovery show many premelanosomes(ptn) with formation of dis-
tinct periodicity. Neither internal vesicles nor melanin particles are observed 
in premelanosome interior. GTA-OsO., Bar: 0.5 11m. 
Figure 7. Glutathione(O.OS%)-treated B-16 cells in the presence ofTpon 
day 3 of recovery show a number of elipsoidal melanosomes(m) with various 
stages of melanization. The formation of distinct periodicity is seen within 
melanosome interior which contains substantially no internal vesicles. 
(GTA-OsO., Bar: 0.5 11m). 
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Figure 8. Dopa-cytochemistry of Tp-treated cells on day 2 of recovery 
from glucosamine treatment show a significant accumulation of dopa mela-
nin in GERL(gl) , coated vesicles(cv), and melanosomes(m). (GTA-dopa-
OsO., Bar: 0.5 Jim) . 
cia ted endoplasmic reticulum of lysosome (GERL)-coated vesicles 
are significantly dopa-positive, which indicates the stimulated 
tyrosinase synthesis and the movement of tyrosinases from GERL-
coated vesicles to premelanosomes. In glutathione-treated cells on 
day 2 of the recovery, there is predominant accumulation of dopa-
melanin in a well-developed GERL-coated vesicle system, whereas 
premelanosomes exhibit a negative reaction (Fig 9). 
Quantitative Analysis of Melanosomes Morphology and In-
ternal Vesicle-Containing Melanosomes In order to evaluate 
the effect of glutathione on the differentiation of melanosome for-
mation (in other words, the morphology of melanosome during the 
melanization recovery), we tested their effect at 0.05%, when the 
inhibitory effect by glutathione is not strong enough to induce a 
complete loss of melanization, and therefore morphology of mela-
nized melanosomes could be easily observed. The population of 
pheomelanotic melanosomes significantly increases in Tp-treated 
cells as compared with normal B-16 cells or non-treated cells (Fig 
10). On the other hand, the addition of glutathione causes the 
melanosome population to increase its eumelanotic melanosome 
proportion, thus returning to the level of non-treated cells. 
To correlate sequential changes in the population of internal 
vesicle-containing premelanosomes with the translocation of tyros-
inases from GERL to premelanosomes and the subsequent differen-
tiation of the melanosomes that occurs, stage I and II melanosomes 
were compared for the number of premelanosomes with many mi-
crovesicles and the number with 0-1 microvesicles during the re-
pigmenting process. Quantitative analysis of the population of pre-
melanosomes with internal vesicles (Fig 11) has revealed that 
during the recovery period there is a numerical increase in vesicle-
containing premelanosomes. In Tp-treated cells the number of vesi-
cle-containing premelanosomes significantly increases from day 1 
of recovery to reach over 60% of total melanosomes by day 3 of 
recovery, while in glutathione or non-treated cells, there is a slight 
increase up to 20%, indicating an inhibitory effect of glutathione on 
the increase in the number of internal vesicle-containing premelan-
osomes induced by Tp treatment. 
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Figure 9. Dopa-cytochemistry of glutathione(0.2%)-treated cells in the presence ofTponday 2 of recovery. Dopa-melanin is accumulated predominancJy 
in GERL and coated vesicles. A : Strong dopa-positive tubular and anastomosing GERL(gl) with budding and budded-olf coated vesicles(cII) are seen. 
Premelanosomes(prn) show no dopa-positive reaction. (GTA-dopa-OsO •• Bar: 1.0 IJm). B: Dopa-melanin is predominantly localized in GERL(gl) and many 
coated vesicles(ev), but not in premelanosomes(prn) . (GTA-dopa-OsO •• Bar: 0.5 J.Lm) . 
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Figure 10. Quantitative analysis of morphology of melanosomes (stage III 
and IV). A total of 1,000 stage III or IV melanosomes were counted in 
64 }-1m2 cytoplasmic fields of randomly selected melanoma cells and classi-
fied as spheroidal or elirsoidal melanosomes, the ratio of which was ex-
pressed as a percentage 0 total stage III or IV melanosomes, according to the 
criteria described in Materials and Methods. B16: normal B-16 melanoma 
cells; RJ : day 3 of non-treated recovery from glucosamine treatment; RJ Tp: 
day 3 ofTp(2 mM)-treated recovery from glucosamine treatment; RJTp + 
GT: day 3 ofTp(2 mM) + GT(0.05%)-treated recovery from glucosamine 
treatment; e: elipsoidal melanosomes; s: spheroidal melanosomes. 
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Figure 11. Quantitative analysis of premelanosomes with internal vesicles. 
A total of 1,000 premelanosomes (stage I and II) was classified and counted in 
64 }-1m2 cytoplasmic fields of randomJy selected melanoma cells. The num-
ber of premelanosomes with two or more microvesicles within 1,000 
premelanosomes counted here was determined on each recovery day from 0 
to 2 or 3 d and expressed as a percentage of total premelanosomes. Closed 
circle: Tp(2 mM); open diamond: Tp + GT(0.2%); open circle: non-treated 
recovery from glucosamine treatment. 
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DISCUSSION 
The present study has revealed that glutathione specifically results 
in an absence of tyrosinase activity in premelanosomes without in-
terrupting the structural recovery of premelanosomes: the addition 
of theophylline enhances the transfer of tyrosinases to premelano-
somes, resulting in a significant melanization within premelano-
somes which often contain multiple dopa-positive-coated vesicle-
like structures. This enhancement by theophylline can be 
diminished through deficient intracellular translocation of tyrosi-
nases by the concomitant addition of glutathione. Thus, glutathione 
seems to provide a new situation of interrupted melanogenesis in 
which melanization cannot proceed despite recovery of premelano-
some structure and protein glycosylation . 
Multiple forms of tyrosinases, T 1 , T 2 , and T3, have been shown 
to differ in respect to carbohydrate moieties, especially terminal 
sialic acid content and membrane-binding status of these isozymes 
[17]. Available evidence [18 - 20] from enzyme digestion indicates 
that T I is richer in terminal sialic acids than T 2, as T 2 could be 
formed after neuraminidase in vitro treatment, while T 3 could be 
converted to TI after trypsin treatment. One of our current interests 
is the effect of melanogenic inhibitors on the evolution of mem-
brane-bound T 3 tyrosinase and other tyrosinase isozymes. Our pre-
vious studies [13,21] demonstrated that the formation of mem-
brane-bound tyrosinase T 3 requires the transfer of tyrosinase from 
GERL-coated vesicles to premelanosomes and is essential for the 
initiation of melanization. Thus, the behavior of T 3 tyrosinase in 
the melanization-inhibited situation is a biologic key point for clari-
fying whether or not tyrosinase transfer can be interrupted by such 
inhibitors. Interrupted recovery ofT3 tyrosinase by glutathione has 
revealed that, in accordance with electron microscopic observa-
tions, glutathione blocks the formation ofT3 tyrosinase by inhibit-
ing the active transfer ofT I tyrosinase from GERL-coated vesicle to 
premelanosomes, suggesting a close correlation of the initiation of 
melanization with the formation of T3 tyrosinase. Although the 
mode of action of glutathione for the observed interruption of 
tyrosinase translocation remains unclear, it is plausible that an ex-
tremely high concentration of reduced glutathione may interfere 
with the process of the binding of soluble tyrosinases (T 2' T I, or 
other precursors) with domains of melanosome membrane. 
The mode of internalization of small vesicles seen within mela-
nosomes, often referred to as vesiculoglobular bodies [22] or coated 
vesicle-like bodies [5,7], has been implicated with special reference 
to the type of melanization. In follicular melanocytes of mouse hair, 
small vesicles internalizing into premelanosomes are more numer-
ous in pheomelanosomes than those in eumelanosomes [23]. This is 
also the case in theophylline-stimulated melanoma cells, in which 
pheomelanosome-like granules predominantly increase [24]. Theo-
phylline has also been shown to stimulate melanization by activat-
ing the transfer of tyrosinases to premelanosomes [24]. In melanoma 
cells they are seen as 50-100-nm-diameter spheroid bodies that are 
attached to the surface of melanosomes, and can be presumed to be 
fused coated vesicles because they have the general configuration, 
size. and structure characteristics of coated vesicles [7]. The present 
studies have revealed that in accordance with Hu's study [24], the 
addition of theophylline into the repigmentation processes causes a 
significant increase in the number of small vesicles-containing pre-
melanosomes, followed by a significant increase in the number of 
pheomelanotic melanosomes. Glutathione seems to inhibit the 
theophylline stimulation effect, with a reduced number of small 
vesicles internalized into melanosomes as well as of pheomelanotic 
melanosomes. Thus, it seems likely that increases in the number of 
internalized small vesicles correspond well to the formation of 
pheomelanotic melanosomes. Although the precise role of internal-
ized small vesicles in the formation of pheomelanotic melanosomes 
remains to be elucidated, evidence for a glutathione effect on the 
onset and differentiation of melanosomal melanization suggests 
that the emergence of internalized small vesicles is associated with 
the excess transfer of tyrosinase into premelanosomes. Because 
coated vesicles and melanosomes are found to possess a high level of 
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activity oflysosomal enzymes [25], and acid phosphatase is reported 
to colocalize with tyrosinase in the abnormal premelanosomes 
which are often seen in several chicken albino line [26]' it seems 
likely that the observed aberration of melanosome matrix proteins 
in Tp-stimulated melanization is caused by the action of co-trans-
ferred lysosomal enzymes. 
Whether or not tyrosinase is involved in the morphogenesis of 
melanosomes has been a subject of great dispute. There is a close 
correlation between a defective function of the melanosome mem-
brane and restricted transport of tyrosinase to premelanosomes as 
seen in the case of tyrosinase-positive albinism of hair in mice and 
humans [27]. Our present evidence that aberration of melanosome 
interior could be repaired even when tyrosinases are not yet trans-
ferred to premelanosomes seems to indicate that transferred tyrosi-
nase is not essential for the formation of melanosome matrix. On 
the other hand, differential action of glutathione on morphologic 
recovery and melanization of melanosomes would suggest the pos-
sibility that carbohydrate moieties contribute to the maintenance of 
the structural organization in the premelanosome matrix. 
Recent evidence for albinism caused by mutation at the c locus in 
mice suggests that the ultimate level of melanin synthesized is pro-
foundly involved with the subcellular distribution of tyrosinase ac-
tivity [28] . In hair bulb melanocytes of chinchilla mice, which can 
serve as a model for human tyrosinase positive oculocutaneous al-
binism [29], melanization is found not to proceed in many melano-
somes despite the presence of normal membranous structures with 
distinct periodicity because of the lack of tyrosinase translocation to 
premelanosomes. We have recently found, using organ culture sys-
tem, that this melanogenic deficiency can be restored by Tp treat-
ment as a result of the release of blocked tyrosinase translocation 
[30]. Because of similarity in the subcellular distribution of tyrosi-
nase activity, a close analysis of interrupted translocation of tyrosi-
nases by glutathione may help to clarify the mechanisms of lack of 
melanization occurring in tyrosinase-positive albinism. 
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